Reduced brain N-acetyl-aspartate (NAA) has been repeatedly found in chronic schizophrenia and suggests neuronal loss or dysfunction. However, the potential confounding effect of antipsychotic drugs on NAA has not been resolved. We studied 32 minimally treated schizophrenia patients and 21 healthy subjects with single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS) of the frontal and occipital lobes, caudate nucleus, and cerebellum. Concentrations of NAA, Choline, and Cre were determined and corrected for the proportion of cerebrospinal fluid (CSF) in the voxel. Patients were treated in a randomized-controlled double-blind manner with either haloperidol or quetiapine.
INTRODUCTION
Proton magnetic resonance spectroscopy ( 1 H-MRS) measures specific brain metabolites including N-acetylaspartate (NAA), choline (Cho), and creatine (Cre) in vivo (Weiner et al, 1989; Brooks et al, 1999a) . Produced in the neuronal mitochondria, NAA is considered a marker of neuronal integrity and viability and predicts severity of illness in various neurodegenerative disorders (Brooks et al, 1997 Friedman et al, 1998) . Consistently, NAA correlates with cognitive function in brain disorders (Ross and Sachdev, 2004) . A recent meta-analysis of 64 1 H-MRS studies of schizophrenia patients found significant NAA reductions in frontal and medial temporal regions, with no evidence of differences between patient groups studied early or late in the illness (Steen et al, 2005) . However, most of these studies included chronically ill patients treated for many years.
Few longitudinal studies of patients early in the illness have been reported. Of these, Choe et al (1996) found no changes in NAA with treatment, whereas Fannon et al (2003) found evidence that atypical antipsychotic treatment was associated with an increase in NAA. Our preliminary report (10 schizophrenia patients from the current sample) suggested NAA reductions with antipsychotic treatment (Bustillo et al, 2002) . The effect of treatment with typical and atypical antipsychotic medications on 1 H-MRS measures has not been systematically studied.
Several factors may account for these inconsistent findings, such as differences in patients or spectroscopic methodology. In terms of patient characteristics, the impact of antipsychotic medication or the length of illness is rarely considered in these studies (hence, the potential impact of medication was a central focus in the present investigation). Also many studies have been underpowered (Steen et al, 2005) . Variation in 1 H-MRS technique include (1) spectroscopic acquisition (single-voxel vs chemical shift imaging and varying echo time (TE)), (2) use of ratios (NAA to Cre or Cho) vs metabolite concentrations, (3) spectral quantification and correction for proportion of spectroscopic voxel cerebrospinal fluid (CSF), and (4) reproducibility of 1 H-MRS in the schizophrenia population. Here, we report results from our completed sample of early schizophrenia patients with minimal previous antipsychotic exposure. Patients were scanned at baseline and then randomized to double blind treatment with haloperidol or quetiapine and followed with repeated 1 H-MRS for up to 2 years. Healthy volunteers were also followed longitudinally. We used a reliable (Mullins et al, 2003) single-voxel spectral acquisition technique with a short TE (40 ms) and corrected for voxel CSF. Because of our previous finding of lower frontal NAA with haloperidol but not with clozapine in chronically treated patients (Bustillo et al, 2001 ), we hypothesized a differential reduction of NAA with haloperidol treatment in schizophrenia patients. We also hypothesized that NAA would be directly correlated with cognitive performance but not with psychiatric symptom measures.
MATERIALS AND METHODS

Subjects
Patients were recruited from the Mental Health Center at the University of New Mexico (UNM). Inclusion criteria were (1) DSM-IV diagnosis of schizophrenia, schizoaffective, or schizophreniform disorder made through consensus by two research psychiatrists (JL and JB), using all available information derived from the structured clinical interview for DSM-IV patient version (SCID-P; First et al, 1995a) , review of medical and psychiatric records and family informants; (2) lifetime antipsychotic exposure of less than 3 weeks. Exclusion criteria were diagnosis of neurological disorder or unstable systemic medical illness with neurological complications, mental retardation, history of severe head trauma, or substance use disorder not fully remitted (except for nicotine). Healthy subjects were recruited for this study from the community and the UNM campus and were excluded if they had (1) any DSM-IV axis I disorder, determined by structured clinical interview for DSM-IV nonpatient version (SCID-NP; First et al, 1995b) ; (2) firstdegree relatives with schizophrenia or other psychotic disorders; (3) history of neurological disorder. All subjects gave written informed consent prior to entry into the study and were paid for their participation. The study was approved by the local Institutional Review Board.
Demographic and Clinical Characteristics
A total of 32 patients and 21 controls were studied (Table 1) . All patients met diagnosis of schizophrenia. There were no significant differences between the patient and control groups in age (mean ¼ 24.7 years, SD ¼ 6.9 vs mean ¼ 24.7 years, SD ¼ 5.3), male/female proportion (26/6 vs 18/3), or handedness (right/left: 27/4 vs 20/1), respectively. The schizophrenia group had fewer years of education (12, SD ¼ 1.9 vs 14, SD ¼ 1; t(51) ¼ À6.41, p ¼ 0.003). The groups also differed in ethnic composition (AfricanAmerican/Caucasian/Hispanic: 5/7/20 for patients vs 0/16/ 5 for controls; w 2 ¼ 16; df ¼ 2, 18; po0.001).
The schizophrenia group had a mean length of untreated psychotic symptoms of 41 months (SD ¼ 69). A total of 15 patients were antipsychotic-naive at the time of the baseline scan and 17 had received minimal treatment (o3 weeks lifetime exposure as per inclusion criteria). Of these, eight patients took risperidone (mean 3.9 mg/day), four took olanzapine (10 mg/day), three took haloperidol (1.3 mg/day) and two took quetiapine (375 mg/day) in the days prior to the baseline scan. The schizophrenia group exhibited moderate levels of psychopathology at baseline: positive symptoms scale ¼ 21, SD ¼ 5.4; negative symptoms scale ¼ 19, SD ¼ 8.3; general symptoms scale: 35, SD ¼ 7.6.
Magnetic Resonance Studies
Studies were completed in a 1.5 T magnetic resonance imager (Signa, GE Medical Systems). A T1-weighted 1.5 mm contiguous axial sequence covering the whole brain was acquired (fast-SPGR, TE ¼ 6.9 ms, TR ¼ 17.7 ms, flip ¼ 251, 256 Â 192 matrix, 1.5 mm contiguous slices). Single-voxel spectra were acquired with point-resolved spectroscopy (PRESS; TE ¼ 40 ms, TR ¼ 2000 ms, spectral width ¼ 2000 Hz, 1024 data points used, 128 water-suppressed, and 32 water-unsuppressed averages). An automated routine was used to optimize field homogeneity, radiofrequency pulse power, and water suppression pulse flip angles for each voxel. Spectroscopic voxels were selected in the left caudate (volume ¼ 6 cc), left frontal and occipital lobes (12.6 cc), and right cerebellum (12.6 cc) using the T1-weighted imaging series (Figure 1 ). To control for head tilt, a standardized method of left frontal and occipital voxels prescription was implemented to select the inferiorsuperior plane (see Jung et al, 2002) . The anterior-posterior and lateral placement varied individually to maximize white matter and minimize CSF inclusion as determined by visual inspection. The left caudate voxel was prescribed in the caudate head to encompass the maximum amount of gray matter. The right cerebellar voxel was prescribed in the right cerebellar hemisphere so that it encompassed the maximum amount of gray matter. For the follow-up scan, the same rules were used; in addition the MR operator utilized the initial set of films illustrating the voxel placement in relationship to the individual ventricular, sulcal, and gyral patterns as further guidance as described previously (Brooks et al, 1999a) . Spectroscopic data were transferred to a Sun UltraSparcstation (SunMicrosystems, Mountain View, CA) for analysis. All data were processed by one operator blinded to subject identity, medication status, and scanning time. Water suppressed spectra were analyzed using LCModel version 6.0 (Provencher, 1993) , a fully-automated, commercially available curve-fitting software that uses a least squares analysis method for estimating metabolite concentrations. The quantification model included the following metabolites in the basis set: aspartate, creatine, g-aminobutyric-acid, glucose, glutamine, glutamate, inositol, N-acetyl-aspartate, N-acetyl-aspartate-glutamate (NAAG), phosphocholine (Cho), scylloinositol, taurine, and guanidine. For each spectrum, the area under each peak was normalized to the unsuppressed water peak (corrected for water T1 relaxation as per Barker et al, 1993) , allowing metabolite concentrations of total NAA (ie NAA + NAAG), Cho, and Cre. To ensure high-quality data, any data set that met one or more of the following criteria was rejected: (a) obvious movement artifact on imaging or spectroscopy; (b) metabolite FWHM greater than 0.1 p.p.m.; and (c) metabolite fitting uncertainties (%SD) greater than 20 in the LCModel output.
The T1-weighted images corresponding to the spectroscopic voxels were analyzed using automated k-means segmentation described previously (Petropoulos et al, 1999) to quantify CSF, white, and gray matter. The percentage of tissue within each spectroscopic voxel (CSF, gray, and white matter) was then calculated by creating a mask corresponding to each voxel location and superimposing this mask on the segmented images. Spectroscopic values were then corrected for CSF fraction within the voxel assuming that CSF has NAA, Cre, and Cho concentrations of zero by a simple arithmetic. For example, if the voxel tissue component (gray plus white matter) was 90%, the LC model yielded concentration was divided by 0.9 for the final concentration. We have previously documented very good test-retest reliability with these methods (Brooks et al, 1999a; Mullins et al, 2003) . Specifically, in our test-retest study in 12 stable patients with chronic schizophrenia using the same single voxel PRESS technique, we found coefficients of variation (CV) for the three metabolites between 2 and 3% in the frontal voxel and 4 and 12% for the caudate (Mullins et al, 2003) . Hence, we expected to be able to detect a 0.3 mM change (3%) in frontal NAA with 80% power and a ¼ 0.05, with 20 schizophrenia patients scanned at least twice.
Neuropsychological Assessments
At baseline, schizophrenia patients and healthy subjects completed a broad neuropsychological battery which included Attention Process Training Test (APT 1, 2, and 3), Controlled Oral Word Association Test, Stroop Interference Test, Vocabulary, Digit span (subtests from the WAIS-III; Wechsler, 1997) , Finger Tapping Test (dominant and nondominant hands) and Grooved Pegboard Test (dominant and nondominant hands) (Lezak et al (2004) ). 
Drug Trial
Following MR scanning, schizophrenia patients were randomized 1-1 to double-blind haloperidol or quetiapine. Dosage was flexible and determined by the treating physician to optimize clinical response and minimize side effects. The haloperidol dose range allowed was between 2 and 12 mg and for quetiapine between 100 and 600 mg a day. The overall intent was for patients to remain on their randomized drug assignment for a period of 2 years and to be scanned at approximately 6-month intervals. Patients with poor clinical response or persistent significant side effects, as determined by the treating psychiatrist, had their next scheduled 1 H-MRS completed early, prior to being blindly switched to the other antipsychotic (quetiapine or haloperidol).
The patients were assessed with the Positive and Negative Symptoms Scale (PANSS; Kay et al, 1987) , the SimpsonAngus Scale (SAS; Simpson and Angus, 1970) for parkinsonism, the Barnes Akathisia Rating Scale (BARS; Barnes, 1989) for akathisia, and the Abnormal Involuntary Movements Scale (AIMS; Guy, 1976) for tardive dyskinesia at monthly intervals.
Statistical Analyses
Dependent variables of interest were CSF-corrected NAA (main metabolite of interest), Cho, and Cre concentrations in millimoles per liter of tissue (mM). The overall analyses used PROC Mixed (SAS version 8), an analysis of variance (ANOVA), with subject group as the grouping factor and time of scan (baseline and last observation carried forward (LOCF)) and brain region as repeated factors. In a second approach to study progressive changes for the three metabolites, we calculated a slope for each subject in each region. We used all available data (at least 2 and up to 5 values) with their intervals in months, and fitted a regression line as an estimate of change in the metabolite's concentration per month of follow-up. PROC Mixed for slopes and for baseline metabolites had brain region as the repeated factor. To further understand significant overall effects, post hoc tests were done with Fisher's least significance difference method. The relationships between metabolite concentrations and demographic, clinical characteristics, and neuropsychological performance were analyzed with Pearson's correlations. Demographic and clinical characteristics of the sample were compared between groups with t-tests for continuous data, and w 2 -tests or Fisher's exact tests for nominal data.
RESULTS
Baseline Analyses
Neurometabolites. The mean (and SD) measures of spectral quality (FWHM and signal-to-noise-ratio Figure 2 . For NAA, the main metabolite of interest, we found that frontal, occipital, caudate, and cerebellar concentrations at baseline did not differ significantly between the patient and control groups (group by region interaction F(3, 147) ¼ 0.34, p ¼ 0.8). However, there was a significant group main effect (F(1, 51) ¼ 6.4, p ¼ 0.01) consistent with a global NAA reduction in patients with schizophrenia for the four regions combined. Also, there was a region main effect (F(3, 147) ¼ 12.1, po0.001) with lower NAA in the caudate compared to the other regions. Since there was a slight difference between groups in gray/white matter proportion in the occipital voxel (schizophrenia ¼ 0.15, SD ¼ 0.04 vs control ¼ 0.12, SD ¼ 0.04; t(1, 51) ¼ 2.6, p ¼ 0.01), we added gray matter proportion for all voxels as a covariate in the Proc Mixed ANOVA model. The main effect of group remained (F(1, 51) ¼ 6.5, p ¼ 0.01) as well as the main effect of region (F(3, 145) ¼ 12, po0.001), while there was no effect of gray matter proportion (F (1, 145) 
Finally, re-analyses after excluding left-handed subjects (four schizophrenia and one controls), confirmed no group by region interaction (p ¼ 0.97), but persistence of the group main effect (F(1, 46) ¼ 5.9, p ¼ 0.02), with lower global NAA in the schizophrenia group.
There was no difference in NAA between minimally treated and antipsychotic-naive schizophrenia subgroups (F(1, 30) ¼ 0.53, p ¼ 0.5) and the baseline average NAA was not related to duration of illness (r(31) ¼ À0.2, p ¼ 0.3). Also, baseline average NAA levels were not related to severity of positive (r(31) ¼ À0.1, p ¼ 0.6), negative (r(31) ¼ 0.01, p ¼ 0.9) or general symptoms (r(31) ¼ À0.1, p ¼ 0.5). Finally, including ethnicity and education level as covariates, did not meaningfully change the group main F(3, 144) ¼ 0.62, p ¼ 0.6). There was a trend for a group main effect (F(1, 51) ¼ 3.4, p ¼ 0.07) suggestive of a global Cho reduction in schizophrenia for the four regions combined. Also, there was a region main effect (F(3, 144) ¼ 9.1, po0.001) with lower Cho in the occipital lobe.
For Cre, repeated measures ANOVA for the four regions at baseline found a significant group by region interaction F ¼ (3, 147) ¼ 4.8, p ¼ 0.003), with lower Cre in the caudate in the schizophrenia group (confirmed by post hoc t-test, p ¼ 0.01). There was no group main effect (F(1, 51) ¼ 0.11, p ¼ 0.7). Also, there was a region main effect (F(3, 147) Neuropsychological testing. Individual neuropsychological test scores were significantly worse in the schizophrenia patients compared to the healthy control group (all t-tests between 2.4 and 5.9 and all p's between 0.02 and o0.001). Schizophrenia patients randomized to haloperidol vs quetiapine did not differ in performance (all t-tests between 1.4 and À0.05 and all p's between 0.2 and 0.96).
Neuropsychological data underwent a factor analysis with VARIMAX rotation to identify groups of tests that varied together and would meaningfully suggest separate cognitive domains. The first principal component extracted from broad batteries of cognitive measures was first identified by Spearman (1904) as 'g' representing a general factor of intelligence. Three factors were retained that explained 71% of the variance based on eigenvalues. APT trial 1 was excluded because it did not load with any of the factors.
Factors and their loadings are presented in Table 2 (APT 1 was excluded since it did not significantly load with any of the three factors). Factor 1, suggestive of general cognitive function, 'g' (Jensen, 1998) between the three factors and any of the other three metabolite concentrations in any of the four individual or combined regions.
Longitudinal Analyses
After baseline assessments, patients and healthy subjects were followed for a similar number of months: 9.4, SD ¼ 8.7 vs 9.0, SD ¼ 4.2, respectively, (t(1, 47) ¼ 0.24, p ¼ 0.8).
Patients were randomized to treatment with haloperidol (n ¼ 15) or quetiapine (n ¼ 17). Four patients from each treatment group were switched to the other drug because of poor tolerability. Nine patients dropped out and were lost to follow-up without a second MRS scan: seven randomized to quetiapine, two to haloperidol. Two (one randomized to each drug) were no longer receiving either study drug at follow-up due to resolution of psychosis, but had a final scan. One patient had poor tolerance to both study drugs and had his last scan while treated with olanzapine. We found no significant difference in the distribution of study drug at time of last scan between the two randomized groups (Fisher's exact test, p ¼ 0.14). Hence, at the last MRS scan 12 patients were being treated with haloperidol, 8 with quetiapine. Two types of follow-up analyses were undertaken: baseline vs LOCF and analysis of slopes. Repeated measures ANOVA comparing baseline with LOCF for NAA concentrations across the four regions in the schizophrenia and healthy control groups showed no two-or three-way interactions (all p's40.05). Likewise, there was no main effect of time (F(1, 39) ¼ 0.46, p ¼ 0.5). However, a group main effect remained (F(1, 38) ¼ 5.4, p ¼ 0.03), consistent with the baseline findings, and suggestive of persistently reduced global NAA in the schizophrenia group despite antipsychotic treatment (Table 3) . The region main effect also remained consistent with lower NAA in the caudate (F(3, 111) ¼ 18, po0.001). Similar analyses of schizophrenia subjects based on antipsychotic drug taken at the time of last 1 H-MRS found no differential effect of medication on NAA concentrations (F(1, 18) ¼ 0.84, p ¼ 0.4). LOCF analyses for Cho and Cre were also not suggestive of a change overtime comparing schizophrenia and control groups or haloperidol and quetiapine-treated groups (analyses not shown).
Analysis of slopes of NAA showed no significant differences between healthy subjects and schizophrenia groups (F(1, 36) ¼ 2.6, p ¼ 0.1) or among the patients treated with quetiapine and haloperidol (F(1, 18) ¼ 0.27, p ¼ 0.7). Also, slopes did not significantly differ between the haloperidol and healthy control groups (F(1, 26) ¼ 1.52, p ¼ 0.23) or the quetiapine and control groups (F(1, 22) ¼ 0.92, p ¼ 0.35). Likewise, slopes for Cho and Cre did not differ by treatment or between the healthy subjects and schizophrenia groups (analyses not shown).
Patients clearly benefited from antipsychotic treatment and at the time of the last follow-up scan positive and general symptoms had improved, with no differential effect of study drug (interactive effects were all nonsignificant). For positive symptoms, there was a significant main effect of time (F(1, 12) ¼ 30, po0.001) and no study-drug main effect (F(1, 21) ¼ 0.9, p ¼ 0.34), consistent with no differential benefits for either medication. Similarly, for general symptoms there was a significant main effect of time (F(1, 11) ¼ 17.5, p ¼ 0.002) and no study-drug main effect (F(1, 21) ¼ 0.9, p ¼ 0.34). However, negative symptoms failed to improve overtime (F(1, 12) 
Neuro-motoric side effects were minimal with either treatment (interactive effects were all nonsignificant). For AIMS, there was no main effect of time (F(1, 11) ¼ 1.0, p ¼ 0.33) and no study-drug main effect (F(1, 21) ¼ 0.22, p ¼ 0.64). For BAS, there was no main effect of time (F(1, 11) ¼ 3.74, p ¼ 0.08) and no study-drug main effect (F(1, 21) ¼ 0.25, p ¼ 0.62). For SAS, there was no main effect of time (F(1, 11) ¼ 3.2, p ¼ 0.1) and no study-drug main effect (F(1, 21) 
DISCUSSION
In a group of young schizophrenia patients with minimal prior antipsychotic exposure, we found subtle global NAA reductions compared to age-matched healthy volunteers. This reduction was not related to length of untreated psychosis, symptom severity or whether subjects were or were not antipsychotic naive. However, global NAA was directly correlated to general cognitive function for the whole study sample (schizophrenia and healthy subjects), consistent with previous observations in normals (Jung et al, 1999a; Valenzuela et al, 2000) as well across a wide range of neurological and psychiatric disorders (Ross and Sachdev, 2004) . Randomized, prospective treatment with haloperidol and quetiapine, did not result in changes in NAA levels. To our knowledge, this is the first study to systematically examine the effects on NAA of two first line antipsychotics with potentially different neuromotoric side-effect profiles.
Recently, Steen et al (2005) completed the first metaanalysis of the 1 H-MRS schizophrenia literature (64 studies: 1256 patients, 1209 healthy controls). Important findings included consistent reductions in NAA in schizophrenia, which are better documented in combined gray and white matter tissues in the medial temporal region and prefrontal lobe. Other regions with likely reductions included cingulate and parietal cortex, thalamus, and cerebellum. Also, they report no evidence of lower NAA in chronic compared to 'first episode' schizophrenia patients. Finally, the studies are almost exclusively cross-sectional (three prospective studies are discussed below). Hence, our results of NAA reductions early in the illness are consistent with this literature.
We are aware of only two other longitudinal early schizophrenia studies that assessed changes in NAA in the context of antipsychotic drug exposure (potential medication effects have also been reported in cross-sectional studies Braus et al, 2001 Braus et al, , 2002 Bustillo et al, 2001) . Choe et al (1996) found low frontal NAA/Cre at baseline with no further reductions after naturalistic treatment with typical and atypical agents (follow-up 1-6 months). Fannon et al (2003) reported reduced medial temporal NAA/Cre at baseline which was no longer statistically different from healthy subjects after 3 months of atypical antipsychotic treatment. In a study of chronically ill patients, Bertolino et al (2001) reported higher NAA/Cre in the dorsolateral prefrontal cortex in subjects treated with atypical antipsychotic medication compared to when they were medication free for at least 2 weeks.
Methodological differences may account for the inconsistent findings. We assessed NAA concentrations, as opposed to ratios, and corrected for CSF voxel proportion. Since schizophrenia populations have larger CSF-filled spaces (Woods, 1998) , failure to do CSF-correction may overestimate schizophrenia-related metabolite reductions. We have previously documented this in a sample of chronically ill schizophrenia and control subjects (Bustillo et al, 2001) : caudate NAA was significantly lower in the patients only when CSF correction was not performed. Because metabolites can vary independently (Pfefferbaum et al, 1999) , use of ratios does not protect against this limitation. Finally, this is the first study of minimally treated patients prospectively followed for a longer period (mean 9 months) in a randomized, controlled design. However, our study does not settle the inconsistencies in the schizophrenia literature related to variation in 1 H-MRS technique. Our preliminary findings in 10 patients included in the current report, suggested frontal NAA reductions in the first year of treatment (Bustillo et al, 2002) , which we have not confirmed in the completed sample. This could be due to use of different spectral fitting routine (MRUI previously and LC model currently) a change that reflects a general shift in the MRS field to use fitting algorithms with prior knowledge that consider macromolecule contributions seen at short TE (Kreis, 2004) . However, a full re-analysis of the complete data set fitted with MRUI also failed to find any NAA changes overtime among haloperidol and quetiapinetreated schizophrenia and healthy control groups (data not shown). Finally, a re-analysis of the early data on the 10 initial patients fitted with LC model failed to find frontal NAA changes (paired t-test ¼ (df ¼ 9) À1.85, p ¼ 0.1), although there was a trend for a reduction. Hence, our preliminary findings likely represent a type-I error due to a smaller sample.
The impact of typical and atypical antipsychotic drugs on NAA has been examined in four rat studies. A 1-week controlled exposure to various typical and atypical antipsychotic drugs failed to find reductions in brain NAA/ Cho (Lindquist et al, 2000) . Similarly, following a 6-week exposure to haloperidol and clozapine, we detected no reductions in NAA (Bustillo et al, 2004) . Recently two studies with 6 months exposures to haloperidol failed to identify NAA reductions in various cortical regions or hippocampus (Harte et al, 2005; Bustillo et al, 2006) , consistent with our current findings. However, Harte et al (2005) did find striatal NAA elevations with haloperidol.
Reduced NAA may result from actual loss of neurons, reductions in their size (soma and/or processes) relative to non-neuronal tissue, or decreased intraneuronal NAA concentration due to metabolic dysfunction. The postmortem literature does not support classic neurodegenerative changes in schizophrenia with neuronal loss (Baldessarini et al, 1997) . However, disease-related reductions in cortical neuropil, which include dendritic processes (Selemon et al, 1995) , could result in NAA reductions, apparent early in the illness. Interestingly, a recent study in a model of early HIV brain infection in nonhuman primates, documented that NAA reductions were related to reductions in synaptophysin, a marker of synaptic integrity (Lentz et al, 2005) . Finally, there is a broad literature of hypometabolic findings in schizophrenia (Davidson and Heinrichs, 2003) and a direct relationship between NAA and PET-measured glucose metabolism in healthy and demented subjects was reported (O'Neill et al, 2000) . Hence, our findings of low NAA could be due to hypometabolism and/or reduced neuropil.
The direct relationship between global NAA and general cognition (factor 1) but not with symptomatology, suggest that NAA reduction, although not disease-specific, reflects an impaired functional state apparent early in the illness. Similar cognitive-NAA relationships have been described in various neurological conditions (Ross and Sachdev, 2004) and in healthy subjects (Jung et al, 1999a) . Our results with relatively short follow-up do not support further NAA reductions or normalizations with treatment. However, longitudinal long-term follow-ups of young patients will be needed to prospectively document NAA changes. Only recently, have several longitudinal MRI studies of early schizophrenia documented progressive brain volume reductions: after 2.5 years (Gur et al, 1998; Lieberman et al, 2001) , 3 years (Ho, 2003) and 4 years (DeLisi et al, 1997; Rapoport et al, 1999) . Hence, our mean follow-up period (9 months) may be too short to document NAA reductions.
Lower caudate Cre in the schizophrenia group was an unexpected finding and we are unaware of similar reports in the literature. Future studies are needed to corroborate this finding.
Other study limitations should be considered. First, the global baseline NAA reductions cannot be interpreted in terms of spatial specificity, since none of the four regions individually assessed were significantly different from the healthy control group. However, the significant relationship between global NAA and the general cognitive factor 1 reassures us regarding the validity of these averaged NAA measurements.
Second, the sample may be too small to detect regional differences or changes in NAA, between schizophrenia and control subjects and especially between the two treatment groups. Following the Steen et al (2005) meta-analysis and assuming a 15% CV (2/13.4 * %), with 32 patients and 21 controls, we could detect a 12% difference in NAA with 80% power. However, our CV's at baseline ranged from 6% (frontal controls) to 14% (caudate schizophrenia). Hence, we had 80% power to detect differences in means of 5 and 6% in frontal and occipital regions, respectively. For the more difficult to shim regions, we had 80% power to detect an 11% difference in the caudate and 10% in the cerebellum. A relevant definition of CV in repeated measures (baseline and last observation carried forward) is SD (of the differences in means)/mean (of the means) *100%. In the frontal region, our CV for change scores in NAA is 10%. This, with samples of 23 schizophrenia and 17 control subjects, implies that we can detect 9% point difference in the longitudinal percent change of NAA between the two groups, with 80% power and a ¼ 0.05. This is also true for the occipital and cerebellar regions (9 percentage point difference detectable). However, in the caudate, our CV for change scores is 16% and our detectable change difference between the two groups is 15% points.
For the patients treated with haloperidol (N ¼ 12) and with quetiapine (N ¼ 8) at the time of the last follow-up scan Number of spectra rejected because of % SD420.
the CVs for change scores in NAA varied from 10% (cerebellar) to 16% (caudate). Hence with the smaller sample sizes, we had 80% power to detect a percentage point difference greater than 13 (in the cerebellum) and than 22 (in the caudate), between the two-drug treatment.
Although the animal studies have consistently failed to document lowering of NAA with typical or atypical antipsychotics drugs, it remains possible that, as suggested by Bertolino et al (2001) , atypical antipsychotic agents may increase NAA in schizophrenia, though probably not to normal levels. Furthermore, the grouping of multiple doses of quetiapine and haloperidol may have reduced potential medication effects. Third, our analyses of slopes may be confounded by different length of follow-ups among the subjects. If there is a linear effect of time (due to disease progression or medication exposure) our approach is not biased but length of follow-up may be insufficient for some subjects. However, if the effect of time is nonlinear, and eg NAA reduction occurs early (eg 3-6 months), combining subjects with short and longer follow-ups may obscure the effects on slopes (ie subjects followed longer may present smaller slopes because the NAA loss took place earlier). Hence, we classified the duration of follow-up over which slopes were computed as long and short based on a median cut score (10 months). Adjusting our analyses for this variable did not change the finding that NAA slopes did not differ between groups. However, there was a trend (F(1, 31) ¼ 3.71, p ¼ 0.06) suggestive that longer durations of follow-up were associated with steeper (more negative) slopes.
Fourth, the spectroscopic voxels were large involving various functionally dissimilar areas and included different proportions of CSF, gray and white matter, making interpretations regarding tissue specificity problematic. We minimized this latter limitation by correcting for CSF proportion. Also, covariation for gray/white matter proportions in each voxel did not change the results.
Fifth, our technique at 1.5 T did not have enough spectral resolution to reliably separate NAA from NAAG (SD% were significantly better for NAA + NAAG than for NAA, data not shown), so like in all our previous human work, we report combined NAA plus NAAG. As discussed in Edden et al (2007) , independent quantification of NAA and NAAG at 1.5 T is challenging since the more intense upfield peaks (B2 p.p.m.) are only separated by 0.03 p.p.m. and the less overlapping resonances are compromised by water suppression. Accordingly, the NAA + NAAG output that simultaneously covaries the fits for NAA and NAAG is a more reliable measurement.
Sixth, schizophrenia patients had been psychotic for many months before the initial scan, so it is possible that we missed the most active period of NAA reductions concurrent with onset of psychosis. Finally, patients were moderately psychotic at intake and it is possible that severely psychotic subjects would demonstrate significant metabolic changes overtime.
In summary, these results suggest that subtle NAA reductions are present early in schizophrenia and underlie the general cognitive impairments, independent of symptomatic state or treatment. The mechanisms that account for NAA reductions remain unknown. One influential model of psychosis proposes an excitotoxic glutamatergic mechanism (Olney and Farber (1995) ) that may lead to NAA and volume reductions and impaired functional outcome in schizophrenia. The application of short-echo spectroscopic techniques at higher field strength may permit to test glutamatergic dysfunction in vivo.
